Speleothems frequently host "fossil" fluids that were trapped in small inclusions during growth. Such fluids may provide valuable clues to past microbial, geochemical, and climatic processes during their formation. However, one difficulty is to understand which gases represent background atmosphere and fluids within a given cave system at a particular time, and which may be the product of post-trapping residual microbial activity or abiotic chemical reactions? Do we have any hope of sorting out these differences?
INTRODUCTION
Speleothems are secondary mineral deposits that form in subterranean voids (caves, vugs, and mines). They are produced by processes ranging from deposition of minerals from saturated waters (Palmer, 2007) to bedrock breakdown and reprecipitation by microbial processes . Chemical, physical, and biological conditions can range from highly variable in caves with active streams or high ventilation conditions to very stable over considerably longer periods of time in certain cave systems. The latter highly stable situation would be the case where speleothems have been influenced by hydrologically quiescent systems, especially where water and atmospheric composition are relatively sealed away from surface influences.
In the broad sense, fluid inclusions are microscopic cavities within rocks and minerals that comprise any combination of liquid, solid and/or gas (Roedder, 1984) . These fluid inclusions develop during mineral growth or by annealing of secondary fractures and trap the actual fluids, gases, and other compounds that were once present in the greater environment. As
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U-Th-Pb dating methods to constrain temporal variability (Brook et al., 2006; Dennis et al., 2001; Genty et al., 2002; McDermott, 2004) . The potential for detecting radiatively active trace gases (RATG) of biological origin that are dissolved in inclusions has not previously been attempted, but the close coupling of the global biota to the climate system is a topic of intense interest (Arneth et al., 2010) . Any approach that might aid interpretation of past instantiations of the Critical Zone would be immensely valuable in interpreting Earth's past biogeochemical state (NSF, 2011; Nordt et al., 2012) .
Analyzing fluid inclusion composition is routinely performed by microthermometry as a first pass method (Shepherd et al., 1991) . However, dissolved gases that cannot be detected at low concentration using microthermometry include several of particular interest to understanding microbiological processes (e.g., CH 4 , N 2 and other N species, O 2 , CO 2 , and low-mass organics). The alternative is to conduct quantitative fluid inclusion gas analysis by mass spectrometry, which is the approach used in studies of geothermal systems (Moore et al., 2001; Blamey, 2012; Blamey et al., 2015) , hydrothermal ore deposits (Blamey, 2012) , metamorphic fluids (Wright et al., 2012) , and exotic materials relating to space exploration (Parnell et al., 2011; McMahon et al., 2012; Blamey et al., 2015) , and diagenetic carbonates (Azmy & Blamey, 2013) .
In general, the solubility of calcium carbonate is controlled by several factors that include concentrations of calcium and bicarbonate ions, CO 2 loss or gain, water loss or gain, pH changes, ionic strength changes of the fluid, and temperature. The solubility of calcite may be summarized by the following simple equation: Ca 2+ + 2HCO 3 -= CaCO 3 + H 2 O + CO 2
As simple as this equation may be, in the speleothem environment, several factors may influence and complicate this straightforward reaction. These factors include relative humidity or saturation, CO 2 levels including microbially induced changes, local pH, temperature, fluctuations of calcium and bicarbonate ions, and finally changes in the fluid ionic strength. Isolating the relative contribution of each factor that may control the speleothem growth may be very difficult, however, trapped fluids and gases may help to unravel such influences.
The physical conditions in the cave environment also affect the chemistry of the gas composition and concentration. For example, even in caves with nearly saturated humidity, evaporation still occurs. We see evidence of this in the presence of efflorescent cave minerals like magnesium sulfate (Hill & Forti, 1997 ) that come and go with season, and bedrock breakdown products that have an evaporative mechanism as well as microbial and chemical degradative processes (e.g., moonmilk, cf. Curry et al., 2009 ). Thus, evaporatively driven processes contribute to the movement of materials through the carbonates (and some other minerals) are deposited in caves, they develop small inhomogeneities that result in such inclusions. These can act as micron scale chemical and microbiological time capsules, and can be used to help us examine changes in system condition, by providing portals into former microbial communities and past climate conditions that once occurred in the caves. Besides fluid, both dissolved salts and gases are often typically present. Some inclusions may also contain organic material that has been shown to be useful as a climate signal (e.g., Baudin et al., 2007) , and trapped microorganisms that are still alive yielding analyzable DNA (Boston, unpub. results) .
Gases trapped in cave speleothems are analogous to several other types of data. For example, ice cores in polar regions trapped fossil atmosphere in snow, and are now used as a standard approach to understanding ancient atmospheres (e.g., EPICA, 2004) . Carbon-dioxide and other gases remain trapped in bubbles within the ice and it is assumed that the gas concentrations have not been modified since entrapment, but this may or may not be a legitimate supposition if microbial or geochemical processes alter the abundance of CO 2 within the bubbles. The gas concentrations are analyzed by mass spectrometry and the data is correlated with other data [e.g., ice δD and δ
18 O]. These are used to build models of climatic change. This method of evaluating such trapped gases is applicable to polar and boreal conditions, and tropical glacial examples (e.g., from the Andes) have been advanced to explain tropical climate change (e.g., Ginot et al., 2002) . However, our understanding of possible atmospheric conditions in the mid-latitude regions where human populations and vegetation are highly concentrated must be based on additional analytical techniques. Caves offer the potential for mid-continental and low latitude paleoclimate proxies (e.g., Martin & White, 2008; Lachniet, 2009) . Although the emphasis has been on what these sites can tell us about climate, the potential for microbial processes to interfere with such interpretations by altering either the concentration of gases, transforming gases into other materials as consequences of metabolism, or altering isotopic ratios has been largely ignored. We believe that this must be investigated in order to validate ongoing studies and to uncover any potential pitfalls that might compromise such datasets and climate interpretations.
Fluid inclusions in speleothems were originally studied 30 years ago (Schwarcz et al., 1976) but are recently being regarded anew as valuable paleoclimate proxies, with most work concentrated on the stable isotope composition of water in inclusions (Matthews et al., 2000; Dennis et al., 2001; Fleitmann et al., 2003; Serefiddin et al., 2005; van Breukelen et al., 2008; Verheyden et al., 2008; Dublyansky & Spotl, 2009) . Some research has focused on noble gas concentrations (Kluge et al., 2008; Scheidegger et al., 2010) . Prior research has shown that δ 13 C and δ 18 O stable isotopes reflect changes through time using the with extensive speleothem decorations that show evidence of microbiological activity (e.g., microfossils, micritic textures, and light carbon isotopic signals). Poolfingers (i.e. pendant carbonate structures that formed below the water level) show strong influences of microbial processes in geographically related caves (Melim et al., 2001 (Melim et al., , 2009 .
Mexico: Mexican samples include: 1) a conventional appearing stalagmite (PAA-07) from Arroyo Azul Cave, Poana, Mexico; and 2) a carbonate concretion "cave pearl" (labeled Red Stream) from Cueva de Villa Luz, Tabasco, Mexico (Fig. 2) . The Poana cave is a small cave system unaffected by any apparent unusual chemistry including no sign of sulfur influence, and the sample was deposited in a subaerial setting but has subsequently suffered some corrosion. In contrast, Cueva de Villa Luz is a sulfuric acid rich cave with a shallow stream flowing through it. A microbial role in many Villa Luz speleothems has been established (Hose et al., 2000; Boston et al., 2006; Rosales-Lagarde, 2012) . The cave pearl was subsampled to try to establish whether different visually distinct layers within it had different characteristics. Additionally, a control sample from unaltered bedrock in the same cave was analyzed.
Spain: Grey opal-A speleothems on the cm scale were collected from O Folón Cave in northern Spain (Galicia). No further locational information is allowable under the collection agreements that allowed us access system that further enhances deposition and in some cases also facilitates the breakdown of bedrock (Boston et al., 2001) .
We offer the results of this preliminary study, although from a limited dataset, as a promising proof of concept of both the application of a method and as a first attempt to deconvolve the multifarious processes that no doubt occur in fluid inclusions. We believe that the techniques used can be employed to begin to tackle some very knotty issues with the interpretation of ancient and modern subsurface environments and associated climate parameters that are already being deduced from speleothem climate studies (e.g., Wong & Breecker, 2015) . Part of the challenge in interpretation comes because there are major heterogeneities that are occurring on very fine spatial scales. Of particular note, the incorporation of gases must reflect the atmospheric composition within subsurface cavities at various spatial resolutions which may not be homogeneous. Additionally, such incorporation could be influenced by microbial transformations at similar spatial scales both prior to capture within the mineral and as a result of residual biological activity after entrapment.
Sample Descriptions
We have opportunistically selected several sample types from significantly different cave environments that we have already been studying in other ways. These sites include deep, ancient carbonate caves in the high Guadalupe Mountains in New Mexico, a sulfuric acid-rich system and a conventional carbonate system in Mexico, and amorphous opal speleothems in granite caves in northern Spain (Fig. 1) . We selected these to provide a range of very different environmental conditions during the formation period of the speleothems in order to see if we could understand the results and if the methodology was worth pursuing. We emphasize that this is a pilot effort piggy-backing on other funded studies, thus the selection of materials was constrained by this circumstance, but was optimized within those limits to provide a suite of very different cave environments.
Sampling methods are very simple since the contents of interest are tiny microbubbles within crystalline or amorphous mineral structures, and consist simply of selecting pieces of such material from speleothems of several sorts. Our methodology requires only minute pieces (sub-millimeter in diameter). In this pilot study, we do not have data on the age of the particular speleothems chosen although in several cases there is very minimal dating that partially constrains timescales. Further, we did not attempt to match morphological speleothem type from cave to cave because the caves are so different in fundamental lithologies and in speleogenetic processes that formed them and their speleothems that simple morphological similarity is irrelevant. We chose specimens that were the apparent product of interesting geochemical and environmental juxtapositions.
New Mexico: Endless Cave, McKittrick Hill, New Mexico, USA (Fig. 2) , a now-dry fossil cave described by Norman and Blamey (2001) and Blamey et al. (2015) .
Precision for this method is better than 5% for major gaseous species and 0.2 % for water/gas ratios using natural aqueous fluid inclusion standards (Norman & Blamey, 2001) . These values are considered realistic for natural inclusions owing to an inherent variability between inclusions even in the same sample. In contrast, synthetic capillary tubes filled at ~1 mbar of atmospheric pressure gave a 1-sigma error of 0.5 % for N 2 /Ar ratios, which reflects ideal conditions (Blamey, 2012) . The detection limit varies for most species and is dependent on burst size (i.e. inclusion gas yield), interference from other species, and instrument alignment (Blamey et al., 2015) . However, it is calculated at ~0.2 ppm for inorganic species and 1-5 ppm for most organics, applying the formulae of Blamey et al. (2012 Blamey et al. ( , 2015 .
RESULTS
All fluid inclusion gas analysis numerical data for non-aqueous inorganic species are presented in Table 1 . A graphical representation of some of the key data is seen in Fig. 3 . In the majority of analyses, water comprises >99 mole%, however, we are focusing on the inorganic species and therefore report the nonaqueous key species. The dominant dissolved gases are N 2 , CO 2 , and O 2 with minor concentrations of argon as well as CH 4 and other organic compounds. Since argon is essentially inert and its presence is unaffected by biological activity except under extraordinary circumstances of very high pressures (e.g., Abraini et al. 1998 ), the gas ratios of N 2 /Ar and O 2 /Ar may be valuable in recognizing variations in gases that are affected by biological activity. Additionally, Ar can also act as a normalizing, unreactive gas specie for geochemical interactions as well.
New Mexico
Endless Cave, NM, USA -The poolfinger sample has oxygen levels that are slightly below air-saturated water (ASW) and the N 2 /Ar ratios are between ASW and atmosphere (Fig. 3A) . However, the trend for these samples seen in the same figure indicates that oxygen depletion correlates with N 2 /Ar increase. Additionally, poolfingers have the lowest helium content of all the samples (Fig. 3B ) and are in close agreement with atmospheric values. Further, the poolfingers have the lowest CH 4 of all the samples (Fig. 3C) . A single stalagmite sample from the same cave measured by V. Polyak (University of New Mexico) yielded a U-series age of ~0.5 Ma (pers. comm., 2013) using the methods reported in Polyak et al. (2004) .
Mexico
Arroyo Azul Cave, Poana, Tabasco, Mexico -The conventional carbonate stalagmite sample (PAA-07) has higher oxygen levels than either ASW or air (Fig. 3A) . In addition, oxygen increase correlates with a decrease in N 2 /Ar ratio (Fig. 3A) . PAA-07 is the most helium rich of all samples examined to that cave system. Granite caves are formed in large granitic plutons that intruded into the country rock approximately 350 million years ago. A plate collision during the Tertiary period caused the uplift and subsequent erosion of overlying strata, thus exposing the granite and allowing the subsequent development of the caves. The overlying rock mass eroded away exposing the granite, and elastically decompressing it producing unusual interior spallation of the granite (Vidal-Romani & Vaqueiro-Rodriguez, 2007) . The dense microbial mats that cover the insides of the caves greatly alter the pH of the fluids that condense on the cave walls greatly affecting the development of speleothems (Vidal-Romani et al., 2010 a, b) and we hypothesize that it may be a significant geochemical influence on inclusions as well.
METHODOLOGY
Fluid inclusion volatile analysis was done in vacuum using the CFS (crush-fast scan) method (Norman & Moore, 1997; Norman & Blamey, 2001; Blamey, 2012; Blamey et al., 2015) at New Mexico Tech's Fluid Inclusion Gas laboratory. Samples were first cleaned with NaOH to reduce surface organic contamination, and then were rinsed with deionized water, followed by drying at room temperature. Approximately 0.1 gram of material from the New Mexico and Mexico sites, and ~30 mg of sample from the Spanish opal speleothems were incrementally crushed under a vacuum of ~10 -8 Torr yielding two to ten crushes per sample. The analyses were performed by means of two Pfeiffer Prisma quadrupole mass spectrometers operating in fast-scan, peak-hopping mode. The system routinely analyzes for the following gaseous species: H 2 , He, CH 4 , H 2 O, N 2 , O 2 , Ar, CO 2 , SO 2 , C 2 H 4 , C 2 H 6 , C 3 H 6 , C 3 H 8 , C 4 H 8 , C 4 H 10 , and benzene. The concentration of each gas specie was calculated by matrix inversion and multiplication (described in Blamey et al., 2015) to provide a quantitative analysis. The instrument was calibrated using commercial gas mixtures, synthetic inclusions filled with gas mixtures, and three in-house fluid inclusion gas standards as of ASW with the spatially distal sample pieces giving N 2 /Ar ratios that exceeded 100 (Fig. 3D) . Methane is also elevated and is inversely correlated with oxygen ( Fig. 3F) .
DISCUSSION
Although the technique will need to be applied to much larger sample sizes in order to yield statistically robust results, even our initial experiments have shown trends that at least make sense within plausible chemistry and microbiology scenarios for a given setting. We detail the results in this broad interpretive context below.
Endless Cave, NM, USA -The variability in N 2 /Ar ratios in Endless Cave analyses may be attributable to one or more of several processes: small air bubbles becoming trapped to variable extents within fluid inclusions, or by release of nitrogen during decay of nitrogen-containing biomolecules, or even abiotic breakdown of nitrate. We attribute minor oxygen depletion to the probable respiratory breakdown of organics by trapped heterotrophic organisms thus decreasing the oxygen levels slightly. If a biological interpretation of the oxygen results is correct, then that would perhaps favor a biological process to explain the nitrogen situation, namely the breakdown of nitrogenous biomolecules.
McKittrick Hill, the location of Endless Cave, is now part of the very arid Chihuahuan Desert but was once a much more verdant area with a higher biomass primary productivity than is present today in a desert region (Dick-Peddie, 1999) . Thus, at the time of apparent precipitation of the speleothem, a significantly higher dissolved organic carbon load (Fig. 3B) . Preliminary dating of the same speleothem from Arroyo Azul, using sample PAA-02, which is more distal (and hence, probably younger) than the analyzed PAA-07 yielded dates of ~20 -27 ka (J.P. Bernal, unpub. results, pers. comm.). The sample had visible evidence of diagenetic reworking thus we are not presenting this datum with high confidence, however, it may potentially be indicative of approximate age of the outer portion of this speleothem.
Red Stream, Cueva de Villa Luz, Mexico -This area of the cave conjoins water from springs with radically different chemistries into a single stream. The Red Stream pebble samples are clearly depleted in oxygen (Fig. 3A) by approximately five times relative to air-saturated water. The N 2 /Ar ratio for ASW is 38 (Norman & Musgrave, 1994) . However, only one crush yielded an ASW-equivalent value whereas most N 2 /Ar ratios approximate to atmospheric values and higher. Helium levels are moderate relative to the other samples ( Fig. 3B) with the highest values from individual crushes associated with the highest N 2 /Ar ratios. The Red Stream Pebble sample subset 1-4 exhibits a spatially progressive decrease in water from the core traveling to the rim. In addition, there is a relative and progressive increase in both oxygen and methane from the initial speleothem growth in the center outwards to the rim, whereas the helium decreases over the same traverse. This can be seen directly in Table 1 .
Spain
O Folón -The CO 2 for inclusion gases hosted in the opal samples was relatively consistent. Unlike ASW, analyses were oxygen depleted by as much as an order of magnitude and N 2 /Ar ratios were twice that Pebble sample has highly variable N 2 /Ar ratios with some analyses exhibiting N 2 /Ar ratios that are greater than atmosphere. One might expect a limit of 83.6 for N 2 /Ar ratios thus matching the atmosphere but we consider two alternatives as potential explanations for these data. Firstly, nitrate reduction is a potential process that would generate diatomic nitrogen. Nitrate reduction can be expressed by a chemical reaction in which nitrate consumes acid in an oxygen-poor environment to produce nitrogen:
An acid and a reducing environment will drive this reaction to the right by Le Chatelier's principle (Krauskopf & Bird, 1994) . The Red Stream environment is known to have high concentrations of sulfuric acid the magnitude of which varies on a continuous basis, and it is very oxygen poor (Malaska & Kelly, 2014 unpub. results). Thus, we consider nitrate reduction as a plausible mechanism whereby, within an oxygen-poor environment, fluids may become enriched in nitrogen.
The second alternative hypothesis is that influx of condensing magmatic volatiles from El Chichón Volcano (~30 km distant) are responsible for the gases associated with the Red Stream. Volcanic gases are expected to be rich in sulfur species and the Red Stream contains significant dissolved sulfuric acid from both aqueous reactions in the stream itself and from wall rock interactions of thin fluid films with H 2 S emitted from numerous springs (Hose et al., 2000; Spilde et al., 2004; Rosales-Lagarde, 2012) . In addition, the stream is strongly oxygen depleted which matches volcanic gas composition. A definite correlation of gases within the cave with gas data from the El Chichón Volcano (Spilde et al., 2004) has shown that there must be some physical connection between the two geological features (Rosales Lagarde et al 2007 ) and thus we suggest that volcanic gases are plausibly involved in the fluid inclusion results shown here. Finally, magmatic gases typically have high N 2 /Ar ratios (Norman & Musgrave, 1994; Blamey, 2012) and the analyses of the Red Stream samples have N 2 /Ar ratios that exceed 100. Fluctuating contributions of atmosphere and volcanic volatiles can explain the spread within the data.
Curiously, helium levels are variable (Fig. 3B) . We know that a balance exists in our atmosphere between helium being lost to space versus helium that is produced within the crust. Such variability is uncommon in geological systems where helium levels are generally in the ppm range. Whereas most speleothem samples are within one order of magnitude higher in helium than atmosphere, both the Red Stream pebbles and PAA-07 have abnormally elevated helium. Close proximity to a volcano might explain the elevated helium in the Red Stream pebbles because of the demonstrated relationship to El Chichón Volcano (Spilde et al., 2004) , but PAA-07 has no obvious volcanic connection. Although difficult to prove, a much longer flow path could conceivably explain the was undoubtedly present in the infiltrating surface waters. The single age date of ~0.5 Ma cited in the results (Polyak, pers. comm., 2013) constrains the time period of interest to at least a limited extent placing it significantly before the end Pleistocene climatic events.
Arroyo Azul Cave, Poana, Tabasco, Mexico -PAA-07 data shown in Fig. 3A exhibit an oxygen enrichment to the left bottom corner of the O 2 -N 2 -Ar ternary diagram. Such a result is obviously only achieved if oxygen is increasing. The most plausible explanation is the generation of oxygen within the inclusion. However, in a dark cave we cannot expect photosynthesis to occur directly within the cave itself. It is possible that the fluid entering the cave at time of inclusion entrapment was enriched with oxygen, possibly from a stream or other source at the surface where photosynthetic organisms might have been producing high levels of oxygen. This area is currently heavily vegetated tropical forest and has been proposed to form part of a tropical high rainfall regime from Pleistocene time (2.5 Ma) (Wendt, 1987; Salazar-Conde et al., 2004; INEGI, 2005) . Alternatively, we consider the possibility that chlorine gas associated with the nearby volcano might oxidize water to produce oxygen by the following reaction:
However, any decay process of organic matter trapped in inclusions would actually depress oxygen as it was used to mineralize the organic carbon back to CO 2 rather than enrich it. Another alternative explanation for oxygen elevation could be the breakdown of oxyhydroxides during the formation of red hematite staining, as has been seen in other instances where oxygen exceeds ASW values (McMahon et al., 2012) . There is definitely red hematite present in this cave, coating a number of speleothems and being incorporated as visually detectable banding in some specimens (Spilde & Boston, 2010 , 2014 .
Red Stream, Cueva de Villa Luz, Mexico -Red Stream Pebbles exhibit strong oxygen depletion. The Red Stream Pebbles occur at the confluence of slow moving shallow streams of low oxygen content, and the cave's atmosphere which also has measurably low oxygen at that locality (Hose et al., 2000; Rosales-Lagarde, 2012) thus matching the fluid inclusion data but not precisely proportionately. We know on the basis of prior work, that sulfide-rich, anaerobic waters mix with oxygen-rich, non-sulfide waters in the entire regional and cave hydrological systems (Rosales-Lagarde et al., 2007 , 2012 . The oxygen levels in the Red Stream part of the cave can range as low as 14% in the air, while elsewhere in the cave O 2 levels as low as 9.6% have been recorded (Boston, unpub. res.) , and 0.1 mg/l in the water (Hose et al., 2000) although it can be as high as 5.7 mg/l (saturation at typical surface conditions is ~9.1 mg/l; Rosales-Lagarde et al., 2007 those circumstances, could result in elevated methane in some inclusions dependent upon highly local and possibly very transient circumstances. When oxygen was also present in the system, then the methane would subsequently react and draw down the oxygen. The scale at which such competing redox processes could operate vis a vis the scale of the inclusions themselves is unknown at this point, although once again we emphasize that it is well known that in soils there is the simultaneous presence of aerobic and anaerobic microsites (e.g., Tiedje et al., 1982) . Although methanogens are notoriously oxygen sensitive in the common wisdom, it has been shown that this is not always the case (e.g., Kiener & Leisinger, 1983; Mayer & Conrad, 1990; Ueki et al., 1997) .
Relative Merits of Normalizers
The presence of dissolved argon in all specimens is an excellent way to normalize the data to gas values dissolved in air-saturated water (ASW), as a basis for comparison of potential biologically produced gases. Many of the dissolved gaseous species vary in composition and tracking changes is complicated. The abundance of oxygen and nitrogen may be controlled by biological processes, and tracking these increases or decreases requires a gas specie that remains unaffected. For this reason we utilize argon, as its abundance is well within the detection of the mass spectrometer system and it is neither added to nor removed by biological activity. The only way to increase the argon concentration is by proximity to K-bearing minerals (McDougall & Harrison, 1988) that are subjected to thermal conditions above the closure temperature of the mineral that is highly unlikely in speleothems. This type of process is restricted to high temperature metamorphic environments and is negligible compared to the relatively large concentration of argon in ASW. We therefore consider that tracking gases relative to argon is a viable means to monitor changes of nitrogen, oxygen and methane.
Helium is also a noble gas with trace quantities in the atmosphere and very low abundances in ASW, thus it could also be considered to play a similar role to argon. However, helium may increase due to several radioactive sources within the crust, thus it is less desirable as a normalization species because of this non-exclusivity of origin.
CONCLUSIONS
We have confirmed that speleothem fluid inclusion gas compositions are not homogeneous. Changes in fluid chemistry trapped within speleothem materials are measurable as is demonstrated by our analyses of a variety of speleothem types occurring in a variety of different geochemical and lithological cave settings. In some cases, oxygen levels within inclusions were enriched above air-saturated water levels and in contrast, other samples showed oxygen depletion. High nitrogen in the Red Stream samples indicates either breakdown of nitrogenous organic matter or nitrate to produce excess nitrogen, or it may confirm an influx elevated helium from deeper sources (Norman and Musgrave, 1994) . However, determining the length of such a flow path in a hydrologically intermittent environment where dye tracing is not possible is a tricky calculation and poorly constrained.
Interestingly, the six sample time-series subset collected from the Red Stream pebble confirms a progressive change in fluid inclusion gas chemistry through time. The increase in oxygen and decreasing helium may be explained by changing contributions at the confluence of the anaerobic and the aerobic streams such that flow from the anaerobic stream has relatively decreased. The progressive change in methane may well reflect biological activity (either methane production by methanogens, or consumption by methanotrophs) but this avenue of research needs significant refinement before any interpretation can be made. However, the change in gas chemistry with distance from inside to outside layers of the specimen does confirm that in principle, we can distinguish such changes in speleothem inclusions through time. It also confirms that analyzing dissolved fluid inclusion gases offers a means to record changing environmental conditions within a cave system and potentially compare cave systems to one another. The potential for microbial processes to interfere with such environmental and climatic interpretations has been largely ignored so far. Figure 3E shows moderately elevated helium in several of the granite cave samples. We believe it unlikely that residence time is relevant here, however, as early as 1950, emissions of alpha particles from granites were shown to be higher than expected based solely on uranium and thorium content because of the emitting effects of high surface area (Hurley, 1950) . The medium to coarse-grained granites comprising the Spanish cave provide a great deal of surface area which would be consistent with some elevated helium results. In Fig. 3F , the variation in CH 4 proportion relative to N 2 and O 2 may be related to different amounts of organic matter when particular fluid inclusions where trapped. The heavy lichen coating on the granite surface outcrops above the cave, and the forested surface setting produce significant surface biomass and this is a plausible external source of organic carbon. This is significant in this environment because the granite itself does not possess any intrinsic organic content to help support methanogenesis as might be the case in some other lithologies, namely carbonates, which often do contain organics that were incorporated at the time of deposition (Wald et al., 2012; Thauer, 1998) . As everyone appreciates, the common conception of methanogenesis involves strictly anaerobic conditions (e.g., Houghton et al., 2001) , however, the controversial notion of aerobic methanogenesis has been reported at least for plants (Keppler et al., 2006) . Perhaps more importantly, the presence of anaerobic microsites in soils with overall bulk conditions, or in proximity to aerobic microsites has been documented in a variety of settings (e.g., Verchot et al., 2000; Li et al., 2000) . Either of of volcanic volatiles from a nearby volcanic source. We have demonstrated the plausibility of using dissolved fluid inclusion gas analyses as a possible avenue to help understand paleoenvironmental conditions in cave systems at the time of fluid inclusion formation in speleothems. We have pointed out that there are several alternative explanations for each of our preliminary results involving a mixture of chemical and biological processes and conclude that our methodology will need to be employed on larger sample suites, perhaps with the addition of other techniques to sort out the many potential influences on inclusion contents. Besides the intrinsic value of understanding paleoenvironmental cave conditions, and residual microbial activity once trapped in inclusions, the emphasis on speleothems as paleoclimate proxies make the identification of any confounding microbial or geochemical fluid inclusion processes important to understand to help with interpretation of that type of climate data.
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